A Mycoplasma pneumoniae cytadhesin P1 gene with novel nucleotide sequence variation has been identified. Four clinical strains of M. pneumoniae were found to carry this type of P1 gene. This new P1 gene is similar to the known group II P1 genes but possesses novel sequence variation of approximately 300 bp in the RepMP2/3 region. The position of the new variable region is distant from the previously reported variable regions known to differ between group I and II P1 genes. Two sequences closely homologous to this new variable region were found within the repetitive sequences outside the P1 gene of the M. pneumoniae M129 genome. This suggests that the new P1 gene was generated by DNA recombination between repetitive sequences and the P1 gene locus. The finding of this new type of P1 gene supports the hypothesis that the repetitive sequences of the M. pneumoniae genome serve as a reservoir to generate antigenic variation of the cytadhesin P1 gene.
Mycoplasma pneumoniae is a causative agent of tracheobronchitis and primary atypical pneumonia in humans. Adherence to host respiratory epithelium (cytadherence) is a crucial step in M. pneumoniae infection and successful colonization (10, 23) . Cytadherence is mediated by the specialized attachment organelle, a tip-like structure found in M. pneumoniae cells. A number of different mycoplasmal proteins take part in the formation of the attachment organelle and the cytadherence process (17, 18) . A 170-kDa protein, P1, is densely clustered at the attachment organelle (6, 9) and is a major adhesion protein that directly binds to the receptor molecule of the host cells (23) . A mutant strain of M. pneumoniae that lacks P1 protein fails to attach to host cells and is avirulent (1, 20) . It has been reported that specific anti-P1 monoclonal antibodies can block cytadherence (15, 19) . Through use of these monoclonal antibodies, the cytadherence-mediating domains of P1 protein have also been identified (5, 7) . The P1 protein is a major M. pneumoniae immunogen and induces a strong immunological response in pneumonia patients (11, 21) . However, only a small fraction of all of the anti-P1 antibodies present in patients' sera can mediate cytadherence-inhibiting activity. This is because the cytadherence-mediating domains of the P1 protein are different from the immunodominant epitopes which trigger humoral responses (14, 16, 23) .
The gene encoding the P1 protein forms an operon together with two open reading frames, ORF4 and ORF6 (13) . It is known that only one copy of functional full-length P1 gene is to be found in the M. pneumoniae genome, although two-thirds of the P1 gene sequence exist as multiple copies (27, 34) . Two repetitive regions exist in the P1 gene. One region is designated RepMP4 and is located at the 5Ј end of the coding region, whereas the other, designated RepMP2/3, is located at the 3Ј end (25) . According to complete genome sequencing data for strain M129 of M. pneumoniae (8) , a total of 8 copies, including the copies contained in the P1 gene, of the RepMP4 sequence and 10 copies of the RepMP2/3 sequence are dispersed throughout the genome. These RepMP sequences are closely related but not identical to one another, so it is conceivable that recombination between the P1 gene and RepMP sequences could generate a large sequence diversity of P1 genetic and antigenic variants. Herein may reside one of the mechanisms that enables M. pneumoniae to escape from host immune responses. Consistent with this hypothesis, sequence polymorphism was observed within P1 genes of clinical isolates of M. pneumoniae (4) , and two types of P1 gene sequences have been reported (group I and group II) (28) .
However, analyses of P1 genes from a number of clinical isolates of M. pneumoniae by Southern blotting (4, 29, 30) , DNA fingerprinting (33) , and restriction fragment length polymorphism (RFLP) (26) techniques revealed only two types of P1 genes. Since there are only two types of P1 genes, the function of the RepMP sequence for generating P1 gene diversity is still obscure. Therefore, to clarify the role of the RepMP sequences, it is essential to find new types of P1 gene sequences and to analyze the mechanisms that generate P1 gene diversity.
In this study, we determined the precise RFLP patterns of P1 gene sequences from clinical isolates of M. pneumoniae and found certain strains which possess a new type of P1 gene sequence. The origin of this sequence variation is discussed below.
MATERIALS AND METHODS
M. pneumoniae strains and culture. Two hundred eighteen clinical strains of M. pneumoniae were isolated from pneumonia patients in Japan during the period of 1979 to 1998. Of these clinical strains, 1 was isolated in Nagasaki Prefecture, 11 were isolated in Hokkaido Prefecture, and the others were collected in Kanagawa Prefecture. M. pneumoniae strains were cultured in PPLO medium (2.1% PPLO broth [Difco Laboratories, Detroit, Mich.], 0.25% glucose, 0.002% phenol red, 10% horse serum [Gibco BRL, Rockville, Md.], 200 units of penicillin G per ml) at 37°C. The strains were also cloned on PPLO agar plates (PPLO medium, 1.2% agar) to prevent mixed cultures before experiments were performed.
Isolation of genomic DNA from M. pneumoniae cells. Genomic DNAs from M. pneumoniae strains were isolated as follows: M. pneumoniae cells were collected from 1 ml of culture medium by centrifugation. The pellets were suspended in 0.5
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genes from clinical strains of M. pneumoniae. To seek new nucleotide sequences in the functional P1 gene, we analyzed 218 clinical strains of M. pneumoniae by a PCR-RFLP typing method (26) . In this approach, oligonucleotide PCR primers ADH1, ADH2, ADH3, and ADH4, which are derived from single-copy regions flanking the RepMP regions of the P1 gene (Fig. 1A) , were employed. This means that only functional P1 gene sequences were able to be amplified. These amplified P1 gene fragments were then typed with the restriction enzyme HaeIII to generate characteristic RFLP patterns.
In the analysis of the RepMP2/3 region with primers ADH3 and ADH4, we found four strains that show RFLP patterns that are different from those of M. pneumoniae M129 (group I) and FH (group II) strains. As shown in Fig. 1B , the RFLP pattern of one of these, strain 309, was similar to that of strain FH. However, the size of one restriction fragment was about 150 bp larger than that of the FH strain, suggesting a loss of HaeIII sites (Fig. 1B, lanes 3 and 4) . The RFLP patterns of the other three strains (165, 170, and 199) were identical to the pattern of strain 309 (data not shown). On the other hand, analysis of the RepMP4 region with primers ADH1 and ADH2 revealed that the RFLP patterns of all tested strains were identical to the RFLP patterns of either M. pneumoniae M129 or strain FH. Therefore, all tested strains were classified into group I or II by this method (data not shown). In this analysis of the RepMP4 region, M. pneumoniae 309 was classified into group II (Fig. 1B, lanes 1 and 2) , as were the other three strains (data not shown).
These results suggested that at least four M. pneumoniae strains (165, 170, 199, and 309) have sequence changes in the RepMP2/3 region of the functional P1 gene.
DNA sequence analysis of the RepMP2/3 region of the functional P1 gene from M. pneumoniae 309. The nucleotide sequence of the RepMP2/3 region from the M. pneumoniae 309 P1 gene was then analyzed. The gene was cloned by PCR and ligated into the Bluescript II SKϩ plasmid. To avoid the confounding factor of mutations generated in the course of the PCRs, three independent plasmid clones were sequenced. Their sequences were compared to P1 gene sequences previously reported for the group I strain M129 (13) and for the group II strain TW7-5 (28) of M. pneumoniae. Although we used M. pneumoniae FH in the PCR-RFLP analysis as a representative group II strain, we utilized the P1 gene sequence of strain TW7-5 here for comparison. This is because the complete nucleotide sequence of the M. pneumoniae FH P1 gene has not been reported. However, the theoretical RFLP patterns of the M. pneumoniae TW7-5 P1 gene indicate that the P1 genes of strains FH and TW7-5 are well conserved. It was apparent that the major difference between the P1 gene sequences was between nucleotides 3633 and 3894 of the group I P1 gene. This corresponds to positions 3657 through 3918 of the group II P1 gene (Fig. 2) . In this region, the nucleotide sequence of the M. pneumoniae 309 P1 gene was 9 bp shorter than in either the M129 or TW7-5 strain of M. pneumoniae. Loss of two HaeIII sites was also found in the M. pneumoniae 309 P1 gene. This was the reason for the generation of an HaeIII restriction fragment from strain 309 which was 155 bp larger in the PCR-RFLP analysis (Fig. 1B) . The position of this new variable region of M. pneumoniae 309 is distant from the previously reported variable regions known to differ between group I and II P1 genes (Fig. 1A) . This therefore implies that the variation found in the M. pneumoniae 309 P1 gene represents a genuine new variable sequence not reported previously in the group I and group II P1 genes. We also sequenced the same region from strains 165, 170, and 199 of M. pneumoniae and found that these three strains possess sequences identical to those of strain 309 (data not shown). As expected from the RFLP analysis, the other region of the M. pneumoniae 309 P1 gene sequence was almost identical to that of strain TW7-5. However, the following three point mutations were identified: 2539 A3G, 2872 G3A, and 2886 A3T. These point mutations affect neither the HaeIII restriction sites nor the deduced amino acid sequences.
The deduced amino acid sequence of the M. pneumoniae 309 P1 gene was compared with that of the M. pneumoniae TW7-5 P1 gene. As shown in Fig. 3 , differences between the two sequences were found in amino acid positions 1220 to 1306 (a region which corresponds to amino acids 1212 through 1298 of the M. pneumoniae M129 P1 protein). In this region, the sequence of the M. pneumoniae 309 P1 protein was 3 amino acids shorter than that of the M. pneumoniae TW7-5 P1 protein.
In the area we sequenced, no nonsense mutations were observed in the M. pneumoniae 309 P1 gene. To validate this sequencing result, Western blot analysis with mouse anti-P1 antiserum was carried out with whole-cell lysates from M. pneumoniae 309. The results were consistent with those of the sequence analysis, in that production of a full-size 170-kDa P1 protein was observed in the M. pneumoniae 309 cells (data not shown).
Identification of RepMP sequences involved in generation of P1 gene sequences of M. pneumoniae 309. To confirm that the sequence variation of the M. pneumoniae 309 P1 gene originated from recombination between a functional P1 gene and RepMP2/3 copies outside of the P1 gene locus, we searched the entire genomic sequence of M. pneumoniae M129. Two RepMP2/3 copies that contain sequences highly homologous to the M. pneumoniae 309 P1 variation were found as a result. These homologous sequences are located at nucleotide positions 77474 to 77738 and 415175 to 415432 of the M. pneumoniae M129 genome sequence (GenBank accession no. U00089) (8) . Figure 4 shows a comparison of the variable region of the M. pneumoniae 309 P1 gene with these homologous sequences found in the M. pneumoniae M129 genome. In comparison with the two homologous sequences, a 12-bp deletion was observed in the M. pneumoniae 309 P1 gene. Except for this 12-bp deletion, the homologous sequence that exists in nucleotides 77474 through 77738 of M. pneumoniae M129 showed only one nucleotide mismatch with the M. pneumoniae 309 P1 gene sequence (nucleotide 77543), as illustrated in Fig. 4A . This sequence is henceforth designated RepMP2/3-5. On the other hand, the RepMP2/3 sequence that exists within nucleotides 415175 through 415432 of the M. pneumoniae M129 genome showed four single mismatches, and a region upstream from nucleotide 415174 did not match the M. pneumoniae 309 P1 sequence. This is illustrated in Fig. 4B . This sequence is henceforth designated RepMP2/3-6.
The existence of these two homologous sequences in RepMP2/3 copies outside the P1 locus indicated that the sequence variation found in the M. pneumoniae 309 P1 gene could have been generated by homologous recombination between the RepMP2/3 copies and the P1 gene. RepMP2/3-5 is more homologous to the sequence variation of the 309 P1 gene than is RepMP2/3-6. Thus, it is probable that RepMP2/3-5 is the sequence most likely to be involved in the recombination event. The 12-bp deletion and the point mutation found in the M. pneumoniae 309 P1 gene might be explained by their having occurred subsequent to recombination.
Sequence analysis of the RepMP2/3-5 and RepMP2/3-6 regions from M. pneumoniae 309. In homologous recombination events, DNA sequence exchange by crossover is frequently observed between recombinant DNA strands. Thus, the generation of new P1 gene sequences by homologous recombination may cause shuffling of the RepMP sequences in the M. pneumoniae genome. If the RepMP2/3-5 or RepMP2/3-6 sequence was involved in the homologous recombination that generated the new P1 gene, it is possible that some sequence change would have been made in the RepMP2/3-5 or RepMP2/3-6 region of M. pneumoniae 309 relative to that of M129. Therefore, to investigate this we analyzed the nucleotide sequences of the RepMP2/3-5 and RepMP2/3-6 regions of M. pneumoniae 309. Oligonucleotide PCR primers were designed based on the nonrepetitive sequences flanking the RepMP2/3-5 and RepMP2/3-6 regions of M. pneumoniae M129 and were used to amplify the genomic DNA of strain 309. DNA fragments with the expected sizes, namely, a 2.2-kb fragment containing the RepMP2/3-5 region and a 1.75-kb fragment containing the RepMP2/3-6 region, were specifically amplified by PCR from genomic DNA of M. pneumoniae 309.
These fragments were then cloned into Bluescript II SKϩ plasmids. Unexpectedly, as a result of this sequencing, we established that the nucleotide sequences of the RepMP2/3-5 and RepMP2/3-6 regions from M. pneumoniae 309 are identical to those from M. pneumoniae M129.
DISCUSSION
It has been reported that the gene coding for the cytadhesin protein P1 of M. pneumoniae contains sequences that exist as multiple copies in the genome. It was suggested that recombination between the P1 gene and repetitive sequences outside the P1 gene could generate a large number of antigenic variations that enable M. pneumoniae to escape from host immune responses (2, 27, 30) . A similar feature has also been reported for P1-like cytadhesin genes of Mycoplasma genitalium (3) and Mycoplasma pirum (32) . In the case of M. genitalium, the function of repetitive sequences for generating antigenic variants is relatively clear because the polymorphism of the P1-like MgPa gene is observed frequently in clinical isolates. Analysis of the polymorphic sequences of the MgPa genes revealed recombination events between the MgPa gene and such repetitive sequences (22) . However, in M. pneumoniae, only two types of P1 gene polymorphism have been identified (groups I and II). There is no direct evidence that clearly explains the role of repetitive sequences in the generation of antigenic variants.
In this study, we precisely analyzed the P1 genes from clinical isolates of M. pneumoniae by using PCR-RFLP methodology and found a new type of P1 gene. Four clinical strains of M. pneumoniae, designated 165, 170, 199, and 309, were found to possess the new type of P1 gene. The novel P1 genes from these four strains were well conserved, although they had been independently isolated from different locations and at different times: strains 165 and 170 were isolated in Kanagawa Prefecture in 1991, strain 199 was also isolated in Kanagawa but in 1993, and strain 309 was isolated in Hokkaido Prefecture in 1998. The different isolation times and locations indicate that the new type of P1 gene sequence is maintained stably in M. pneumoniae cells through generations.
The nucleotide sequence of the new P1 gene is similar to that of the group II P1 gene, but it possesses a sequence variation of approximately 300 bp at the 3Ј end of the RepMP2/3 region. The location of this variable region does not overlap the previously reported variable region between group I and II P1 genes (Fig. 1A) .
Two sequences closely homologous to the variable region of the new P1 gene were found in the M. pneumoniae M129 genome. These two sequences (RepMP2/3-5 and RepMP2/ 3-6) are part of the RepMP2/3 copies outside the P1 operon. Although when compared with RepMp2/3-5 and RepMP2/3-6 sequences a 12-bp deletion was found in the new P1 gene sequence, these homologous RepMP2/3 copies seem to be the most probable origins of the sequence variation of the M. pneumoniae 309 P1 gene. The M. pneumoniae 309 P1 gene might be created by a homologous recombination event between these RepMP sequences and the P1 gene locus. The gene coding for the RecA-like protein that is required for this homologous recombination has already been reported in the M. pneumoniae genome (8) . To investigate this homologous recombination event more clearly, we attempted to analyze the RepMP2/3-5 and RepMP2/-6 regions of M. pneumoniae 309, expecting to find the sequence change made by the recombination. However, this revealed that the nucleotide sequences of the RepMP2/3-5 and RepMP2/-6 regions from M. pneumoniae 309 were identical to those from M. pneumoniae M129. In this attempt, we did not obtain simple evidence for homologous recombination between the P1 gene locus and the RepMp2/3-5 or RepMP2/3-6 sequence of M. pneumoniae 309.
One possible explanation of this result is the involvement of gene conversion events. It was reported that the ORF6 gene of the P1 operon also contains a repetitive region (RepMP5) (34) and manifests sequence polymorphism between strains M129 and FH of M. pneumoniae. Ruland et al. analyzed these polymorphic sequences by comparing them with RepMP5 sequences and concluded that the polymorphism of the ORF6 gene might be generated by a gene conversion event (24) . This observation on the ORF6 gene is consistent with our findings on the P1 genes and RepMP2/3 sequences of M. pneumoniae M129 and 309 (i.e., unidirectional sequence exchange). Thus, at this point, a gene conversion event is thought to be the most probable mechanism for DNA recombination between the P1 gene locus and the RepMP2/3 copies. This gene conversion would occur through the formation of heteroduplex DNA, which is mediated by RecA-like enzymes and Ruv-like proteins. The genes coding for the RuvA-and RuvB-like proteins have been identified in the M. pneumoniae M129 genome (8) .
However, in our sequence comparison analysis, we have no data on the precise number and organization of RepMP copies in the M. pneumoniae 309 genome. M. pneumoniae M129 was identified as a group I P1 gene strain. On the other hand, M. pneumoniae 309 is closely related to group II strains. It is possible that the numbers and organizations of RepMP sequences of both strains may be altered evolutionarily. Therefore, the possibility still remains that other, thus-far-undiscovered RepMP2/3 copies exist in the M. pneumoniae 309 genome and may be involved in homologous recombination with reciprocal sequence exchange. Further investigation will clarify these DNA recombination mechanisms.
The variable region of the predicted amino acid sequence of the new P1 protein corresponds to amino acid positions 1212 to 1298 of the M. pneumoniae M129 P1 protein. This region is relatively close to previously reported epitopes recognized by cytadherence-inhibiting anti-P1 monoclonal antibodies (5, 7) . Although the biological effects of such amino acid sequence changes on the function of P1 protein have not yet been examined, it may be that these alterations modulate the interaction of M. pneumoniae with the host immune system.
In this study, we have identified a new type of P1 gene and proposed a possible mechanism for its generation. The existence of a novel type of P1 gene strongly supports the idea that RepMP sequences serve as a reservoir for generation of antigenic variation of P1 cytadhesin genes in M. pneumoniae. Isolation of additional examples of these types of P1 genes and analysis of the organizations of their RepMP sequences will provide a more detailed understanding of the mechanism involved in generation of the P1 gene variation.
